An efficient ␤-fucosidase was evolved by DNA shuff ling from the Escherichia coli lacZ ␤-galactosidase. Seven rounds of DNA shuff ling and colony screening on chromogenic fucose substrates were performed, using 10,000 colonies per round. Compared with native ␤-galactosidase, the evolved enzyme purified from cells from the final round showed a 1,000-fold increased substrate specificity for onitrophenyl fucopyranoside versus o-nitrophenyl galactopyranoside and a 300-fold increased substrate specificity for p-nitrophenyl fucopyranoside versus p-nitrophenyl galactopyranoside. The evolved cell line showed a 66-fold increase in p-nitrophenyl fucosidase specific activity. The evolved fucosidase has a 10-to 20-fold increased k cat ͞K m for the fucose substrates compared with the native enzyme. The DNA sequence of the evolved fucosidase gene showed 13 base changes, resulting in six amino acid changes from the native enzyme. This effort shows that the library size that is required to obtain significant enhancements in specificity and activity by reiterative DNA shuff ling and screening, even for an enzyme of 109 kDa, is within range of existing high-throughput technology. Reiterative generation of libraries and stepwise accumulation of improvements based on addition of beneficial mutations appears to be a promising alternative to rational design.
Proteins and enzymes with novel functions and properties can be obtained either by searching the largely unknown natural species or by improving upon currently known natural proteins or enzymes. The latter approach may be more suitable for creating properties for which natural evolutionary processes are unlikely to have been selected.
One promising strategy to create such novel properties is by directed molecular evolution. Starting with known natural protein(s), multiple rounds of mutagenesis, functional screening, and amplification can be carried out. When the mutation rate, library size, and selection pressures are properly balanced, the desired phenotype of a protein generally increases with each round (1) (2) (3) (4) (5) (6) (7) (8) . The advantage of such a process is that it can be used to rapidly evolve any protein, without any knowledge of its structure.
A number of different mutagenesis strategies exist, such as oligonucleotide cassette mutagenesis, point mutagenesis by error-prone PCR or the use of mutator strains, as well as DNA shuffling (1) (2) (3) (4) (5) 8) . A theoretical approach to choosing a preferred mutagenesis strategy would be to determine the target protein's fitness landscape (9) , which is a plot of fitness (on the y axis) versus sequence space (on the x axis). However, because the sequence space of an average protein of 500 amino acids is 20 500 , determination of even a fraction of the fitness landscape is a nearly impossible and impractical undertaking.
Because there are just a few fundamental ways to search sequence space, it may be informative to compare the performance of these methods for specific model systems.
Natural genes are thought to have evolved by mutation and recombination within a population of diverse, but highly related, sequences. We suggest that a search algorithm similar to that which slowly created the fitness landscape of a natural protein in the first place is likely to also be the preferred method for further searching this natural sequence landscape (5, 10) . This approach is supported by our demonstration of the advantage of recombining mutations (over introduction of point mutations alone) for increasing the activity of a natural ␤-lactamase protein (2) . However, recombination may not always be the best search algorithm. For searching the fitness landscapes of nonnatural sequences under unusual conditions, it is conceivable that a different approach may be more optimal.
We obtain in vitro recombination of infrequent point mutations by a PCR-based technique called DNA shuffling (1) (2) (3) (4) (5) . A pool of closely related sequences is fragmented randomly, and these fragments are reassembled into full-length genes via self-priming PCR and extension in a process we call reassembly PCR (4). This process yields crossovers between related sequences due to template switching. Shuffling allows rapid combination of positive-acting mutations and simultaneously flushes out negative-acting mutations from the sequence pool (Fig. 1 ). When coupled with effective selection and applied reiteratively, such that the output of one cycle is the input for the next cycle, reiterative DNA shuffling has been demonstrated to be an efficient process for directed molecular evolution (1-3).
In our previous shuffling studies we used selection and͞or large libraries (1, 2) . Our primary goal in this work was to determine whether detection by screening of libraries of 10,000 clones, a number that is within range of any high throughput screening procedure, would be sufficient to obtain significant enhancement of a minor activity of ␤-galactosidase, a highly specific and complex enzyme, and at 109 kDa, one of the largest single-chain proteins in Escherichia coli. If screening would detect significant improvement, we then would establish that improvements are obtainable by evolution with such small libraries.
E. coli ␤-galactosidase, encoded by lacZ (11) , is widely used, and its biological function, catalytic mechanism, and molecular structures are well characterized (11) (12) (13) (14) (15) . It is a tetramer of identical subunits of 1,023 amino acids (13, 16, 17) . The crystal structure of ␤-galactosidase is solved and shows that each subunit forms five structural domains (14) . Each active site resides mainly in one subunit, but part of another subunit also is involved (14) . The native enzyme hydrolyzes ␤-galactosyl linkages, such as the ␤(1, 4)-linkage in its natural disaccharide
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MATERIALS AND METHODS
E. coli ␤-galactosidase (EC 3.2.1.23) and the galactosyl and fucosyl substrates 5-bromo-4-chloro-3-indolyl ␤-galactopyr-
were purchased from Sigma. Plasmid pCH110 containing a lacZ gene was from Pharmacia. E. coli strain TB1 was a gift from Charles Roessner of Texas A&M University. Construction of Plasmid p18lacZ. A 3.8-kb HindIII and BamHI restriction nuclease fragment from pCH110 containing a lacZ gene (codon 8 fused to a short N-terminal peptide) and the gpt promoter region (21) was subcloned into the HindIII and BamHI sites of vector p18-sfi-kan-sfi vector, a 2.3-kb pUC18 derivative in which the ampicillin gene is replaced by a kanamycin phosphotransferase gene (2) . The resulting plasmid, named p18lacZ, was used for DNA shuffling. DNA fragments of 50-200 bp were used and reassembled as described previously (1, 2) . The PCR primers for amplification of the reassembled genes were AGCGC-CCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCC (forward) and CTATGCGGCATCAGAGCAGATTGTACT-GAGAGTGCACCAT (reverse), located on either side of the BamHI and HindIII fragment. The reassembled gene was digested with restriction enzymes HindIII and BamHI and ligated back into the P18-sfi-kan-sfi vector. The ligation mixture was electroporated into E. coli TB1 competent cells and plated out on Luria-Bertani plates (150 mm) with 40 g͞ml kanamycin and 2 mg͞plate of the X-Fuc substrate (22) . The plates were incubated 12 to 24 hr at 37ЊC. The resulting kanamycin-resistant transformants were visually screened for the intensity of the blue color. The 20-40 colonies with the most intense blue color were picked from about 10,000 transformants of each round and used for the next round of DNA shuffling. Seven rounds of DNA shuffling and screening were carried out. The best clone from the final screening round, called evolved ␤-fucosidase, was characterized in detail.
Enzyme Purification. For purification of the native ␤-galactosidase and the evolved ␤-fucosidase, a histidine tag (His 6 ) was fused to the N terminus of both enzymes by PCR with two primers [5Ј-(P)CATCACCATCACCACCATATCGTCAC-CTGGGACATGT and 5Ј-(P)GTATTTTTCGCTCATGT-GAA] in a standard PCR. The histidine-tagged native and evolved enzymes were purified from overnight TB1 cell cultures harboring the corresponding plasmid (23) . The crude cell extract, in 50 mM phosphate (pH 7.0) with 100 mM NaCl and 0.2 mM of phenylmethylsulfonyl fluoride protease inhibitor was passed through a 20-ml Ni-nitrilotriacetic acid agarose (Qiagen) column. The bound protein was stepwise-eluted with the same buffer containing 5 mM, 10 mM, 25 mM, and 100 mM imidazole. The active fractions from the metal affinity column were desalted and loaded on a DEAE column in 20 mM Tris (pH 7.5), followed by elution with a 0 to 1 M NaCl gradient. The active fractions were concentrated and loaded on a Superose 12 gel filtration column in an FPLC protein purification unit (Pharmacia). SDS͞PAGE analysis (data not shown) showed that the native galactosidase and the evolved fucosidase were greater than 90% pure.
Enzyme Kinetics. ␤-Galactosidase activity was assayed using the synthetic chromogenic substrates ONPG and PNPG. ␤-Fucosidase activity was assayed using chromogenic fucosyl substrates ONPF and PNPF. Enzyme assays were performed at 25ЊC and pH 7.0 in 30 mM N-tris(hydroxymethyl)methylaminoethanesulfonic acid with 1 mM MgCl 2 and 150 mM NaCl. The absorbance change at 420 nm was recorded with time, and product formation was quantitated using the absorption extinction coefficient (2.65 mM Ϫ1 ⅐cm Ϫ1 for o-nitrophenol and 6.7 mM Ϫ1 ⅐cm Ϫ1 for p-nitrophenol). For kinetic parameter measurements, the initial velocity V o (when less than 10% of the substrate was converted into product) was determined with varied substrate concentrations. The values of V max and K m were calculated using the simple weighting method of CornishBowden (24) . The V max values were converted to k cat values, the turnover number per active site, by normalizing for the enzyme concentrations by the molecular mass of the monomer. The K m and k cat values of the wild-type ␤-galactosidase for ONPF could not be determined directly because of the low activity on this substrate. The k cat ͞K m value had to be estimated from the enzyme dilution factor required for the native enzyme to generate the same amount of o-nitrophenol product from ONPG after the same period of time (usually several hours) and from the k cat ͞K m value of the wild-type enzyme on ONPG.
Sequencing of the Evolved lacZ Gene. The 3.8-kb DNA fragment encoding the evolved ␤-galactosidase and its flanking regions was sequenced in both forward and reverse directions with 20 primers using an Applied Biosystems 391 DNA sequencer.
RESULTS AND DISCUSSION
Strategy for Evolving ␤-Galactosidase. The primary goal of the experiment was to determine if a substantial enhancement Proc. Natl. Acad. Sci. USA 94 (1997) in the specificity and͞or activity of a large model enzyme could be obtained by reiterative screening of libraries of a size (10,000 clones) that is routinely accessible by high throughput detection assays. No structural information was used in the design of the experiment, but the structure of ␤-galactosidase is useful for interpretation of results. Screening for Improved Fucosidase Activity. The 3.8-kb DNA fragment of p18LacZ containing the lacZ gene was shuffled as described previously (1-3) , and the reassembled genes were digested with restriction enzymes (HindIII and BamHI) and ligated back into the vector p18-sfi-kan-sfi. The initial diversity was introduced into the native lacZ gene by random point mutagenesis, which occurs by shuffling of small fragments (1, 2). We previously showed that shuffling with 10-to 50-bp fragments resulted in a 0.7% rate of point mutation.
Here we used fragments of 50 to 200 bp, which results in a much lower rate of point mutation, resulting in inactivation of approximately 20% of the clones. X-Fuc was chosen as the indicator substrate for the plate assay because of the nondiffusable nature of the colored product and the high sensitivity (22) . After each round of DNA shuffling, 10,000 kanamycinresistant transformants, growing on plates supplemented with X-Fuc, were visually screened for enhanced blue color formation. About 2-5% of the transformant colonies in each round showed colonies that were more highly blue-colored than the bulk of the population. The 20-40 bluest colonies (0.2-0.4%) were picked at each round, individually verified to be more active than the pool from the previous round by plate assays, and then used as a pool for the source of DNA to initiate the next round of DNA shuffling. This number of colonies was chosen as a compromise between obtaining too little diversity (Ͻ10 colonies) and obtaining suboptimal selection pressure (Ͼ Ͼ100 colonies), which could limit the rate of improvement. In the seventh round of DNA shuffling some colonies developed a deep blue color after overnight growth (Fig. 2) . One mutant from this seventh and final round of shuffling showed a 66-fold increase in fucosidase activity on 1 mM PNPF (Fig.  3) .
Kinetics.
After the final round of selection, (His) 6 tags were added to the foreign N terminus of the native ␤-galactosidase and the evolved ␤-fucosidase enzymes. Both enzymes were purified, and the kinetic constants of each enzyme on the synthetic chromogenic substrates ONPG, ONPF, PNPG, and PNPF were determined (Table 1) The native galactosidase and the evolved fucosidase were purified, and the enzymes were assayed on four different substrates. *The k cat͞Km value for the native galactosidase on ONPF was estimated to be about 2 mM Ϫ1 ⅐s Ϫ1 by measuring the hydrolysis rate relative to that of ONPG.
wild-type enzyme on ONPF and ONPG (at the same enzyme and substrate concentrations), the k cat ͞K m for ONPF was estimated, assuming that the k cat ͞K m value is a second order rate constant. The k cat ͞K m values on ONPF were increased at least 20-fold in the evolved ␤-fucosidase. These increases in fucosidase activity were accompanied by decreases in galactosidase activity. For the substrates PNPG and ONPG, the k cat ͞K m is decreased 40-fold and 50-fold, respectively. These kinetic parameter changes suggest that the substrate binding pocket in the evolved ␤-fucosidase is different from that of the wild-type ␤-galactosidase.
The native enzyme is highly specific for hydrolyzing galactosyl rather than fucosyl substrates. The k cat ͞K m values we determined for PNPG and PNPF differ by about 1,000-fold, and for ONPG and ONPF the values differ by more than 3,000-fold ( Table 1) . The values we determined for the native ␤-galactosidase on ONPG, PNPG, and PNPF are in between the values reported previously (18, 20) . The substrate specificity changed dramatically from the native ␤-galactosidase to the evolved ␤-fucosidase. For the evolved ␤-fucosidase the k cat ͞K m values for substrates PNPG and PNPF differ 2.7-fold and for substrates ONPG and ONPF the k cat ͞K m values differ 3-fold. Therefore, the relative substrate specificity for fucosyl substrates, from the native to the evolved enzyme, is increased 1,000-fold for the o-nitrophenyl substrates and 300-fold for the p-nitrophenyl substrates. The substrate specificity change was further supported by inhibition of the enzymatic activity by isopropyl ␤-D-thiogalactopyranoside, a ␤-galactosidase substrate analog and a competitive inhibitor of galactosyl substrates. The K i values increased by one order of magnitude from the wild-type enzyme to the evolved ␤-fucosidase, from 0.1 mM to 0.9 mM. The changes in K m values for the galactosyl substrates showed the same trend, because they either increased severalfold or stayed the same. These results imply that the substrate binding affinity of the evolved ␤-fucosidase is substantially increased for fucosyl substrates and decreased for galactosyl substrates, and hence the substrate binding pocket is likely to be significantly modified.
DNA Sequence. The DNA sequence of the evolved fucosidase gene showed 13 nucleotide substitutions of which 11 were in the coding region. Six of the mutations are predicted to cause amino acid changes in the translated ␤-galactosidase sequence. Two additional mutations are predicted to cause amino acid changes in the N-terminal fusion peptide (Fig. 4) . All 13 nucleotide changes were base transitions between purines and͞or between pyrimidines, which usually are more frequent than transversions.
One major advantage of in vitro evolution of enzymes over the structural modeling approach is that only minimal information is required for improving the desired phenotype. At each round of our experiment, only colonies with increased fucosidase activity were pooled and used for the next round of DNA shuff ling and screening. Although both positive-acting mutations and neutral mutations may accumulate in the evolved fucosidase lacZ gene in each round, we expect that neutral mutations generally do not survive multiple rounds of shuff ling and screening due to a backcrossing effect exerted by the consensus sequence (1, 2) , combined with the lack of a selective advantage of the neutral mutations. Therefore, only mutations that somewhat contribute to the improved fucosidase activity are likely to accumulate in the evolved fucosidase. While we have not determined the effect of the separate mutations by sitespecific mutational studies, we can predict what roles some of the mutations may play based on the three-dimensional structure of the parental ␤-galactosidase (ref. 14; Fig. 5 ) and the sophisticated kinetic models based on previous mutations and kinetic analysis of purified proteins (18, 20, 25, 26) . Among the six amino acid changes in the ␤-galactosidase sequence, none appear directly involved in the inter-subunit contact. Three mutations (Pro511Ser, Gln573-Arg, and Asn604Ser) are located in domain 3 (residues 334 -627) of the wild-type E. coli ␤-galactosidase (14) . Domain 3 in the native protein contains most of the amino acids that form the substrate binding pocket (ref. 14; Fig. 5 ). Asn604 is one of the amino acids forming this substrate binding pocket in the protein (14) , and this residue is conserved in several other known ␤-galactosidase sequences (25, (27) (28) (29) , except the evolved galactosidase gene (ebgA) of E. coli (30) . In our evolved fucosidase, Asn604 is replaced by Ser. This mutation presumably affects the enzyme's substrate specificity. All the other mutations found in the evolved ␤-fucosidase enzyme do not directly affect the active site and substrate binding pocket residues, and therefore they may have no effect or may only subtly change the conformation of the active site and substrate specificity. Gln573, substituted by Arg in the evolved fucosidase, is in close proximity to the substrate binding pocket (Fig. 5) . The mutation Pro511Ser is also close to the active site and substrate binding pocket (Fig. 5) . These two mutations are likely to affect the enzyme's active site. Asp908Asn is also close to the active site and may also affect the activity. Additional important catalytic residues of the active site, such as Glu461, Met502, Tyr503, and Glu537 (23, 26, 31) , however, are unchanged in the evolved ␤-fucosidase, implying that the catalytic mechanism of the evolved enzyme remained the same. Therefore the evolved ␤-fucosidase seems to have only adjusted to fit the fucosyl substrate or its transition state better than the wild-type ␤-galactosidase does. In addition, one of the nucleotide mutations outside the structural gene (c23t) is very close to the gpt promoter region and could affect transcription (Fig. 4) . This mutation, along with the two amino acid mutations in the N-terminal fusion peptide (Fig. 4) , may inf luence the expression level of the protein. Indeed, we found that the evolved ␤-fucosidase enzyme was expressed at least 2-to 3-fold higher than the wild-type enzyme (data not shown). The mutations Val9Ile and Gln135Arg are far away from the active site and near the surface of the protein (Fig. 5) , and may not have any significant effect on the enzymatic activity. The analysis of mutations obtained by molecular evolution of proteins provides a new tool for studying structure-function relationships. However, the real utility of DNA shuff ling is the ability to rapidly improve enzyme functions without the need to delineate the myriads of complex molecular mechanisms.
There are several possible applications for the evolved ␤-fucosidase. One is as a novel reporter for ␤-D-fucosyl substrates, in addition to the widely used lacZ gene reporter. The advantage of using the novel enzyme is the low endogenous background of ␤-fucosidase activity because, unlike ␣-fucosidases, ␤-fucosidases are uncommon in nature. This well expressed fucosidase also could be used for the production of fucosyl adducts or for disaccharide synthesis by transglycosylation or reversal of the hydrolysis reactions, because analogous applications already have been demonstrated for the wild-type ␤-galactosidase (32, 33) . Some of these applications may require further evolution of the fucosidase for the specific reaction. The present data suggests that it is reasonable to attempt to obtain such improvements by DNA shuffling and screening of libraries of modest size.
